. Genes expression differences 188 between Burkholderia thailandensis E264 strains were calculated using the 2 (−ΔΔ(CT)) formula 189 (20) . A threshold of 0.5 was chosen as significant. For experiments with additions of AHLs, 190 cultures were supplemented or not with 10 µM C 8 -HSL, 3OHC 10 -HSL, and 3OHC 8 -HSL 191 (Sigma-Aldrich Co., Oakville, ON, Canada) from stocks prepared in HPLC-grade acetonitrile. 192 Acetonitrile only was added in controls. All experiments were performed in triplicate and 193 carried out at least twice independently. one-way analysis of variance (ANOVA) . Probability values less than 0.05 were considered 199 significant.
( Fig. S1A) . Interestingly, another rsaM homologue, encoding a hypothetical protein of 210 uncharacterized function, is present on the genome of B. thailandensis E264 between the QS-211 2 system btaI2 (BTH_II1227) and btaR2 (BTH_II1231) genes that code for the LuxI-type 212 synthase BtaI2 and the LuxR-type transcriptional regulator BtaR2, respectively. This 213 hypothetical protein of 135 amino acids encoded by the BTH_II1228 gene is 32.4% identical 214 to RsaM (Fig. S1A) . 215 Since the BTH_II1511 and BTH_II1228 genes are directly adjacent to btaI1 and btaI2 in the 216 genome of B. thailandensis E264, respectively, and transcribed in the same direction (Fig. 217 S1B), we wondered whether they could be co-transcribed. BTH_II1228 is indeed predicted to 218 be arranged in operon with btaI2 (www.burkholderia.com). According to our transcriptomic 219 analyses (S. Le Guillouzer, M.-C. Groleau, F. Mauffrey, R. Villemur, and E. Déziel, 220 unpublished data), neither BTH_II1511, nor BTH_II1228 are co-transcribed with btaI1 and 221 btaI2, respectively ( Fig. S1B) , as confirmed by reverse-transcription PCR (RT-PCR) 222 experiments (data not shown). 223 The function of the putative proteins encoded by the BTH_II1511 and BTH_II1228 genes is 224 unknown. While BTH_II1228 is located within a cluster responsible for bactobolin 225 biosynthesis (14, 16, 24) , its involvement was actually not demonstrated. To determine 226 whether BTH_II1511 and BTH_II1228 are functionally similar to the RsaM-encoding gene of 227 P. fuscovaginae UPB0736, which was described as an important repressor of AHLs 228 biosynthesis (8), we investigated the impact of these genes on the production of the 229 predominant AHLs detected in B. thailandensis E264. B. thailandensis E264 produces 230 3OHC 10 -HSL and, to lesser extents, C 8 -HSL and 3OHC . The total 231 concentration of these AHLs was measured at various time intervals of the bacterial growth 232 by LC-MS/MS in the B. thailandensis E264 wild-type and in the null mutants BTH_II1511- 233 and BTH_II1228-. The mutants both overproduce AHLs when compared to the wild-type 234 strain ( Fig. 1) . Interestingly, the impact of BTH_II1511 on total AHL biosynthesis was more RsaM1 and RsaM2 are repressors of, respectively, QS-1 and QS-2 systems 242 To determine the effect of RsaM1 and RsaM2 on the QS-1, QS-2, and QS-3 systems, we 243 measured the respective production of C 8 -HSL, 3OHC 10 -HSL, and 3OHC 8 -HSL in the wild-244 type strain E264 and in the rsaM1-and rsaM2-mutants throughout the bacterial growth 245 phases. To gain additional insights, we also monitored expression of the AHL synthase-246 coding genes btaI1, btaI2, and btaI3 in the same backgrounds using chromosomal 247 transcriptional fusion reporters. 248 We observe a dramatic overproduction of C 8 -HSL in the rsaM1-mutant when compared to 249 the wild-type strain, indicating that RsaM1 negatively affects the biosynthesis of this AHL 250 ( Fig. 2A) . Expression of the btaI1 gene, (14) was accordingly enhanced in the absence of 251 RsaM1, suggesting that it is repressed by RsaM1 ( Fig. 2C) . Strikingly, the impact of RsaM1 252 on C 8 -HSL biosynthesis (approximately 200 fold) was more important than its effect on btaI1 253 expression (approximately 2-fold), implying that RsaM1 might also intervene at post-254 transcriptional levels. Additionally, C 8 -HSL concentrations also augmented in the rsaM2-255 mutant, in comparison with the wild-type strain, from the stationary phase (OD 600 ≈ 8.0) ( Fig.   256 2B). However, no discernible difference in btaI1 transcription was detected in the absence of 257 RsaM2 (Fig. 2C) . Altogether, these data suggest that RsaM1 represses the production of C 8 -
258
HSL by controlling btaI1 transcription, including putative post-transcriptional modulations as 259 well, whereas the negative impact of RsaM2 on C 8 -HSL biosynthesis appears to not result 260 from btaI1 regulation.
261
The levels of 3OHC 10 -HSL, as well as expression of the btaI2 gene, were unaffected in the 262 absence of RsaM1 ( Fig. 3) . Thus, neither the production of 3OHC 10 -HSL, nor btaI2 263 transcription is under RsaM1 control. Interestingly, 3OHC 10 -HSL concentrations were 264 strongly increased in the rsaM2-mutant throughout both the exponential and stationary 265 phases, indicating that RsaM2 negatively affects 3OHC 10 -HSL biosynthesis (Fig. 3A) . btaI2 266 transcription was similarly upregulated in the absence of RsaM2 ( Fig. 3B ), suggesting that 267 RsaM2 represses 3OHC 10 -HSL biosynthesis by modulating the expression of btaI2.
268
The levels of 3OHC 8 -HSL in cultures of the rsaM1-mutant (14) were also higher compared 269 to the wild-type strain (Fig. 4A) . Unexpectedly, expression of the btaI3 gene was not 270 increased in the absence of RsaM1, suggesting that the negative impact of RsaM1 on 3OHC 8 -271 stationary phase ( Fig. 4B) , showing that the production of 3OHC 8 -HSL is repressed by 274 RsaM2 as well. Nevertheless, no visible change in expression of btaI3 was noticed in the 275 absence of RsaM2, revealing that the RsaM2-dependent regulation of 3OHC 8 -HSL 276 biosynthesis might also not be linked to btaI3 (Fig. 4C) . 277 While the concentrations of both C 8 -HSL and 3OHC 8 -HSL were enhanced in the rsaM1-278 mutant, the impact on the former was more important (Figs. S2A and S2B) . Additionally, C 8 -
279
HSL, 3OHC 10 -HSL, and 3OHC 8 -HSL levels were all increased in the absence of RsaM2, 280 however, 3OHC10-HSL levels were more affected (Figs. S2A and SC). Collectively, these 281 findings indicate that the QS-1 system is mainly repressed by RsaM1, whereas RsaM2 282 principally represses the QS-2 system. In order to determine whether the impact of RsaM1 and RsaM2 on AHL biosynthesis also 287 involves the BtaR1, BtaR2, and BtaR3 transcriptional regulators, (13, 15, 16) , we monitored 288 expressions of their respective encoding genes by quantitative reverse-transcription PCR 289 (qRT-PCR) in the wild-type strain and in the rsaM1-and rsaM2-mutants during the 290 exponential phase. Interestingly, we observed an increase in btaR1 transcription in the 291 absence of RsaM1 ( Fig. 5A) , which correlates with the expression profile of btaI1 in this 292 background ( Fig. 5B) . However, no variation was observed in the rsaM2-mutant when 293 compared to the wild-type strain ( Fig. 5) . Thus, while expression of both btaR1and btaI1 are 294 negatively regulated by RsaM1, RsaM2 does not impact any of the QS-1 system regulatory 295 genes. Taken together, these results suggest that the negative impact of RsaM1 on the QS-1 296 system also implies regulation of btaR1, whereas RsaM2 might exclusively act at post-297 transcriptional levels. Furthermore, no discernible difference was detected in the btaR2 gene 298 transcription in the rsaM1-mutant strain in comparison with the wild-type strain, and its 299 expression was also unchanged in the absence of RsaM2, showing that RsaM1 nor RsaM2 300 modulate expression of btaR2 (data not shown). Consequently, while RsaM1 seems to have 301 no effect on the QS-2 system, RsaM2-dependent regulation of the QS-2 system is apparently 302 not linked to btaR2 control but might rather go through regulation of btaI2 transcription.
303
Moreover, neither RsaM1 nor RsaM2 modulate the transcription of btaR3 (data not shown).
12
HSL biosynthesis through the QS-3 system genes btaR3and btaI3, which encodes the BtaI3 306 synthase mainly responsible for 3OHC 8 -HSL production. but not rsaM1. 313 In order to ascertain that rsaM1 is under QS control, we monitored rsaM1 expression by qRT-314 PCR in the B. thailandensis E264 wild-type strain and in the AHL-null ΔbtaI1ΔbtaI2ΔbtaI3 315 mutant supplemented or not with exogenous AHLs during the exponential phase. We 316 observed that expression of rsaM1 is reduced in the absence of AHLs ( Fig. 6A) , confirming 317 that QS positively modulates rsaM1 transcription. Furthermore, expression of rsaM1 was 318 restored to wild-type levels in the culture of the AHL-null mutant strain supplemented with 319 either C 8 -HSL or 3OHC 8 -HSL ( Fig. 6A) . Moreover, adding 3OHC 10 -HSL to the culture of the 320 ΔbtaI1ΔbtaI2ΔbtaI3 mutant background did not significantly enhance rsaM1 transcription 321 ( Fig. 6A) . To gain insights into the QS-dependent regulation of rsaM1, we also measured 322 expression of rsaM1 in the ΔbtaR1, ΔbtaR2, and ΔbtaR3 mutants vs. the B. thailandensis 323 E264 wild-type strain during the exponential phase. While no obvious change in rsaM1 324 transcription was visible in the absence of neither BtaR2, nor BtaR3 under our conditions, 325 expression of rsaM1 was decreased in the ΔbtaR1 mutant when compared to the wild-type 326 strain ( Fig. 6B) . Taken together, these data indicate that expression of rsaM1 is positively 327 regulated by the QS-1 system and might be activated by BtaR1 in association with C 8 -HSL or 328 3OHC 8 -HSL, whereas BtaR2 and BtaR3 are not directly involved in the modulation of rsaM2 329 transcription.
330
Expression of rsaM2 was lowered in the absence of AHLs, confirming that the rsaM2 gene is 331 activated by QS ( Fig. 7A) . Furthermore, rsaM2 transcription was restored to wild-type levels 332 in cultures of the ΔbtaI1ΔbtaI2ΔbtaI3 mutant strain supplemented with either 3OHC 10 -HSL 333 or 3OHC 8 -HSL ( Fig. 7A) . Moreover, adding C 8 -HSL did not significantly increase rsaM2 334 transcription, revealing that the rsaM2 gene is not activated by C 8 -HSL ( Fig. 7A) . mutant in comparison with the wild-type strain, meaning that the rsaM2 gene is positively 337 controlled by BtaR2, whereas no discernible difference in rsaM2 transcription was detected in 338 the absence of neither BtaR1, nor BtaR3 under the conditions of our experiments ( Fig. 7B) . 339 Altogether, these results indicate that expression of rsaM2 is positively regulated by the QS-2 340 system and might be activated by BtaR2 in response to 3OHC 10 -HSL or 3OHC 8 -HSL, 341 whereas BtaR1 and BtaR3 do not intervene in rsaM2 regulation.
342
Collectively, these observations highlight that expression of rsaM1is activated by the QS-1 343 system, which is negatively controlled by RsaM1, whereas rsaM2 transcription is positively 344 regulated by the QS-2 system, which is repressed by RsaM2, showing that these RsaM-like 345 proteins are integrated into the QS modulatory web of B. thailandensis E264. was unchanged in the rsaM1-mutant in comparison with the wild-type strain (Fig. S3B) . 355 Altogether, these results indicate that RsaM1 and RsaM2 repress their own expression, but are 356 not transcriptionally hierarchically organized. This reveals that the production of C 8 -HSL and 3OHC 8 -HSL might be under stringent control.
362
These signaling molecules mediate the activity of three BtaR/BtaI QS systems. Here, we 363 initiated the study of two uncharacterized genes present in the QS-1 and QS-2 gene clusters. 364 their deep involvement in the complex organization of the multiple AHL-based QS circuits of 366 B. thailandensis E264, as summarized in Fig. 8 . 367 A gene conserved in the Burkholderia genus within the QS-1 system (7, 10, 11, 21-23) is 368 divergently transcribed from btaR1 and oriented in the same direction as btaI1 ( Fig. 8 and   369 Fig. S1B). This gene encodes an hypothetical protein, homologous to the negative AHL 370 biosynthesis modulatory protein RsaM originally identified in the plant pathogen P. 371 fuscovaginae UBP0736 (8, 9) , hence designated RsaM1. In B. cenocepacia H111, the 372 homologue BcRsaM was described as an important repressor of the CepI/CepR QS system, 373 and proposed to inhibit the production of C 8 -HSL by regulating the activity and/or stability of 374 the LuxI-type synthase CepI and the LuxR-type transcriptional regulator CepR, as well as the 375 orphan LuxR-type transcriptional regulator CepR2 (10, 11). While the transcription of the QS 376 cepI, cepR, and cepR2 genes were shown to be lowered in the rsaM-mutant of B. 377 cenocepacia H111 (10), btaI1 and btaR1 expressions were both increased in our RsaM1 of B. 378 thailandensis E264, correlating with the accumulation of C 8 -HSL observed in this 379 background. Consequently, RsaM1 could repress the transcription of btaI1 and btaR1, 380 suggesting that its mode of action in B. thailandensis differs from that of BcRsaM. Still, the 381 impact of RsaM1 on C 8 -HSL biosynthesis was dramatically higher than its effect on btaI1 382 expression ( Figs. 2A and 2C) , which hints that RsaM1 might also act at post-transcriptional 383 and/or post-translational levels, as proposed for BcRsaM. Thus, RsaM1 could repress as well 384 the expression of btaI1 and btaR1 directly or indirectly, for instance by modulating the 385 synthase activity and/or stability of BtaI1 (14), or by controlling the functionality of BtaR1.
386
Clearly, while BtaR1 is considered the principal regulator of btaI1 expression, RsaM1 plays a 387 major role in modulating the production of C 8 -HSL. 388 We recently determined that expression of btaI1 is positively controlled by BtaR1, as well as 389 activated by the presence of C 8 -HSL. The accumulation of this AHL detected in the ΔbtaR1 390 mutant background is not directly induced by the impact of BtaR1 on btaI1 expression, but 391 could involve additional transcriptional and/or post-transcriptional regulators under its control 392 (13). Interestingly, we observed that rsaM1 expression is positively controlled by BtaR1/C 8 -393 HSL ( Fig. 6) , suggesting that the overproduction of C 8 -HSL detected in the ΔbtaR1 mutant 394 strain is indirectly induced by BtaR1 through RsaM1. This also reveals that the QS-1 system 395 is negatively auto-regulated, maybe counteracting the positive feedback loop mediated by 396 BtaR1/C 8 -HSL for C 8 -HSL biosynthesis, and thus be necessary to maintain the production of 397 this AHL within optimal and adequate levels according to specific environmental conditions, as previously suggested for the RsaL repressor in P. aeruginosa PAO1 (23, 25) . In agreement 399 with the finding that rsaM is positively and directly regulated by CepR in B. cenocepacia 400 J2315 (10, 26), we found a putative lux-box sequence in the promoter region of the rsaM1 401 gene ( Fig. S1C ), suggesting that rsaM1 could also be directly under BtaR1 control in B. 402 thailandensis E264. Nevertheless, rsaM1 transcription was not completely abolished in the 403 absence of BtaR1, indicating that the QS-dependent regulation of the rsaM1 gene is be more 404 complex and requires further investigation. 405 Strikingly, the absence of RsaM1 was associated with a growth delay of the mutant (Fig. 1) , 406 correlating with aggregation of cells. This could be linked to the high levels of C 8 -HSL 407 produced in this background and thus over-activation of phenotypes controlled by the QS-1 408 system such as auto-aggregation and oxalate production (14, 15, 27, 28 Interestingly, RsaM1 also represses the production of 3OHC 8 -HSL (Fig. 4A) , an AHL 413 synthesized by both BtaI2 and BtaI3 (14, 16) . Because no overproduction of 3OHC 10 -HSL, 414 the main AHL produced by BtaI2 (16), was observed in the rsaM1-mutant background ( Fig.   415 3A), we assume that the QS-2 system is not influenced by RsaM1. Thus, while RsaM1 seems 416 to act on 3OHC 8 -HSL by modulating the QS-3 system, although no impact on expression of 417 btaI3 and btaR3 was observed, we propose that its negative impact is going through an effect 418 on the activity and/or stability of the BtaI3 synthase. This would add another regulatory layer 419 linking the QS-1 and QS-3 systems in B. thailandensis E264, already shown to be 420 hierarchically organized at the transcriptional level (13, 15) . Additionally, it is conceivable 421 that concentrations of 3OHC 8 -HSL produced by BtaI1 in the wild-type strain are below our 422 detection limit and that these levels become detectable in the QS-1-boosted rsaM1-mutant 423 background. Indeed, we previously reported production of both C 8 -HSL and traces amounts 424 of 3OHC 8 -HSL by the same synthase in a Burkholderia strain from the cepacia complex (30), while we demonstrated that rsaM1 expression is controlled by BtaR1 in response to C 8 -HSL, 428 activation of this gene by 3OHC 8 -HSL might also involve BtaR1 (Fig. 6 ). This is further 429 supported by the fact that the B. pseudomallei KHW BpsR and B. mallei ATCC 23344 3OHC 8 -HSL, with C 8 -HSL eliciting the strongest response (31, 32) . This is in agreement with 432 the finding that the BtaR1-controlled genes identified in transcriptomic analyses were 433 generally affected by both C 8 -HSL and 3OHC . This would also explain why 434 3OHC 8 -HSL levels increased in the absence of BtaR1, following the same kinetic as C 8 -HSL 435 (13), indicating that RsaM1 could play a part in the accumulation of this AHL detected in the 436 ΔbtaR1 mutant background as proposed for C 8 -HSL. Nevertheless, additional experiments 437 will be necessary to confirm the production of 3OHC 8 -HSL by BtaI1.
438
Importantly, the fact that the production of both C 8 -HSL and 3OHC 8 -HSL, but not 3OHC10-439 HSL, is stringently repressed by RsaM1, is consistent with the recent finding that C 8 -HSL and 440 3OHC 8 -HSL are synthesized at low levels throughout the different stages of growth (13), and 441 could reasonably justify the predominance of 3OHC 10 -HSL in B. thailandensis E264.
442
Interestingly, an rsaM homologue encoding a hypothetical protein designated RsaM2 is also 443 found directly adjacent to btaI2 and transcribed in the same direction ( Fig. 8 and Fig. S1B) . 444 We recently corroborated that btaI2 transcription is principally activated by BtaR2 in 445 association with 3OHC 10 -HSL (13). While BtaI2 is mainly responsible for the production of 446 this AHL (16), and we observed that 3OHC 10 -HSL biosynthesis is almost completely 447 abolished in the ΔbtaI2 mutant ( Fig. S4B) , we demonstrated that the production of 3OHC 10 -448 HSL is positively regulated by BtaR2 (13). Furthermore, our results show that RsaM2 449 represses the biosynthesis of 3OHC 10 -HSL, as well as the expression of btaI2, indicating that 450 RsaM2-dependent regulation of the QS-2 system is apparently not linked to btaR2 control but 451 might rather go through regulation of btaI2 transcription. Since 3OHC 10 -HSL biosynthesis 452 and expression of btaI2 were similarly affected by RsaM2 (Fig. 3) , the activity and/or 453 stability of BtaI2 might not be altered by RsaM2. However, we do not exclude that RsaM2 454 represses 3OHC 10 -HSL biosynthesis by controlling the functionality of BtaR2. Moreover, we 455 observed that expression of rsaM2 is activated by the QS-2 system (Fig. 7) . Consequently, 456 while expression of btaI2 is directly activated by BtaR2, we demonstrated that BtaR2 also 457 represses btaI2 transcription indirectly through RsaM2 control. This homeostatic control of 458 the QS-2 system appears similar to what proposd for the RsaL repressor in P. aeruginosa 459 PAO1 (23, 25). 460 We also highlighted that the production of 3OHC 8 -HSL is negatively regulated by RsaM2 461 (Fig. 4B) , and because we determined that expressions of neither btaI3, nor btaR3 are under QS-3 system. Interestingly, the production of 3OHC 8 -HSL is repressed by RsaM1 as well Figure 8 shows the proposed interactions between the QS-1, QS-2, and QS-3 systems and the 497 RsaM homologues RsaM1 and RsaM2. We previously showed that the first system activated 498 in B. thailandensis E264 is QS-2 with 3OHC 10 -HSL production starting earlier and at higher 499 levels than the other AHLs (13). BtaR2 activates rsaM2 expression. RsaM2 has a negative 500 impact on 3OHC 10 -HSL. We also proposed that the QS-2 system has a negative impact on the 501 QS-1 system (13) and we believe this effect goes through RsaM1. However, there is no effect 502 on rsaM1 expression in a ΔbtaR2 mutant, which adds to our previous hypothesis that BtaR2 503 acts on the transcription of btaI1. Our qRT-PCR experiments indicate that BtaR1 activates 504 expression of rsaM1, which controls negatively the biosynthesis of C 8 -HSL. Since our 505 previous results show that a ΔbtaR1 mutant produces higher levels of C 8 -HSL than the wild-506 type with no matching overexpression of btaI1, it is possible in the inactivation of btaR1 507 affects rsaM1 expression and thus BtaI1 activity. The effect of the QS-1 system on the QS-3 508 system was also formerly detailed (13).
510
Conclusion 511 We reported that the QS-1, QS-2, and QS-3 systems are hierarchically and homeostatically 512 arranged in B. thailandensis E264 and we also observed that these QS systems are integrated 513 into an intricate network, including additional unspecified transcriptional and/or post-514 transcriptional regulators (13). The present study uncovers the crucial role of the two newly 515 identified RsaM homologues designated RsaM1 and RsaM2 in the modulation of AHL 516 signaling ( Fig. 8) . We demonstrated that the QS-1 system is mainly repressed by RsaM1, 517 whereas RsaM2 principally represses the QS-2 system. Additionally, these AHL biosynthesis 518 regulatory proteins were shown to be an integral part of the QS modulatory circuitry, 519 contributing to the temporal expression of the multiple AHL-based QS circuits of B. 520 thailandensis E264. The precise underlying molecular mechanism of action of RsaM-like 521 proteins remains currently unknown and has to be further investigated in the future given their 522 importance in the regulation of QS-controlled genes in the Burkholderia genus and other 523 Proteobacteria (7-11, 21-23). The luminescence of the chromosomal btaI2-lux transcriptional fusion was monitored in 660 cultures of the B. thailandensis E264 wild-type strain and of the rsaM1-and rsaM2-mutants.
Figure legends

661
The luminescence is expressed in relative light units per culture optical density (RLU/OD 600 ). The luminescence of the chromosomal btaI3-lux transcriptional fusion was monitored in 668 cultures of the B. thailandensis E264 wild-type strain and of the rsaM1-and rsaM2-mutants.
669
The luminescence is expressed in relative light units per culture optical density (RLU/OD 600 ). Table S1 . Bacterial strains used in this study.
732 Table S2 . Plasmids used in this study. -1, leuB6, fhuA21, lacY1, glnV44, recA1 , ΔasdA4, Δ(zhf-2::Tn10), thi-1, RP4-2-Tc :: deoR, recA1, endA1, hsdR17(rk-, mk+) , 
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Mu [λ pir] Lab collection DH5α F-, ϕ80dlacZΔM15, Δ(lacZYA-argF)U169,
Pseudomonas fuscovaginae RsaM
Burkholderia thailandensis RsaM1
Pseudomonas fuscovaginae RsaM
Pseudomonas fuscovaginae RsaM
Burkholderia thailandensis RsaM2
Burkholderia thailandensis RsaM2 A B Fig. S1. B. thailandensis S4 . AHLs biosynthesis in the wild-type and the ΔbtaI1, ΔbtaI2, and ΔbtaI3 mutant strains of B. thailandensis E264. The production of (A) C 8 -HSL, (B) 3OHC 10 -HSL, and (C) 3OHC 8 -HSL was quantified using LC-MS/MS during the exponential and stationary phases in cultures of the wild-type and of the ΔbtaI1, ΔbtaI2, and ΔbtaI3 mutant strains of B. thailandensis E264, respectively. The error bars represent the standard deviation of the average for three replicates. 
